Introduction
Over the past decade the science of quality improvement has developed dramatically. Two landmark publications from the Institute of Medicine, 'Crossing the quality chasm' and 'To err is human', served to bring quality and medical errors into the forefront of modern medicine [1, 2] . These publications significantly expanded public awareness of the quality gap and made quality improvement an immediate priority for governments, payers, clinicians and patients. Consequently, routine quality measurement and improvement have become a part of daily clinical practice and an integral part of the healthcare enterprise.
Despite the importance of quality improvement in healthcare, only recently have the principles and practice of quality improvement come to critical care medicine. Several factors can be attributed to our relative late arrival on the scene. Until now there has been a limited evidence base underlying practice in the intensive care unit (ICU). In earlier years, clinical decisions in the ICU were usually based on physiological principles rather than evidence from observational studies and clinical trials. Recent advances in ventilator management, sepsis care, sedation practice and preventive medicine have finally given critical care a set of benchmarks on which to measure and improve performance [3] [4] [5] [6] . In addition, the ICU is an area of high acuity and high workload; it is easy for the relatively mundane application of quality improvement to take a back seat to the more engaging aspects of critical care. The rise of interdisciplinary care teams has, however, expanded the roles of a multitude of different types of clinicians, all of which now actively participate in quality improvement activities [7] .
The science of quality improvement continues to advance, and clinicians have an ever expanding array of tools for measuring and improving quality at their disposal. The purpose of this review is to outline some of the recent advances in the field of quality improvement, both in healthcare in general and in critical care medicine in particular, and to highlight some of the challenges to developing and implementing quality improvement measures in the ICU.
What is quality improvement?
Quality improvement is defined as the implementation of systematic, data-driven interventions designed to bring about an immediate improvement in healthcare in a specific practice setting [8 ] . Each component of this definition is important. Quality improvement must be systematic rather than disorganized, and data driven, rather than based on informal observation, anecdote, and personal experience. Quality improvement is also meant to benefit the individual participants directly. Patients and clinicians engaged in quality improvement activities do so with the expectation that the potential for benefit exceeds the potential for harm. For this reason some authors have posited that there is an ethical imperative for clinicians to participate in quality improvement activities, based upon the beneficence principal of medical ethics [8 ] .
Counter to this argument is the notion that quality improvement is not free. The staff and infrastructure necessary for successful quality improvement may in fact be quite costly. Like any intervention in healthcare designed to improve outcomes, the benefits must be weighed against both the direct financial costs and the opportunity costs involved when limited resources could be directed elsewhere. Those advocating for universal participation in quality improvement activities must balance these calls against the implicit rationing decisions that by necessity occur whenever a limited resource is dedicated to one clinical activity instead of another [9 ] .
Much discussion in the field of quality improvement is devoted to differentiating quality improvement from research [8 ] . In contrast to quality improvement, there is no ethical imperative for clinicians to perform research. Furthermore, human subject research is subjected to extensive ethical oversight by institutional review boards, designed to ensure that patients are protected from unnecessary risk. Quality improvement frequently proceeds with no such oversight. In the past, the distinction between quality improvement and research was made by the type of knowledge generated: research is designed to result in generalizable knowledge whereas quality improvement is designed to generate knowledge for specific practice settings. This reasoning may be flawed, however, as quality improvement frequently results in generalizable knowledge and many research results are of little use outside the setting in which they are performed [10] . An alternative paradigm, useful when considering whether to obtain ethical oversight, is whether or not the project will benefit the patients involved and whether it carries the potential for increased burden or harm [11] . Only when the project benefits the subjects concerned and does not involve additional burden or potential for harm should it be considered quality improvement instead of research.
Ultimately, even this definition poses limitations. A chart review designed to determine the historical incidence of catheter-related bloodstream infections in a community ICU can easily be viewed as both quality improvement and research, and in either case federal regulations would frequently declare such activities exempt from human subject review. The truth is probably somewhere in between. Some research is quality improvement, and some quality improvement is research. Proposed methods to address this problem include universal ethical oversight for both research and quality improvement, or quality improvement review boards independent of those for human subjects [12] . Future efforts should be directed at exploring these different options. Finding a middle ground that respects the rights of research participants, maintains ethical standards for all knowledge-generating activities, and does not overburden institutional review boards is an important task for the healthcare enterprise [13] .
Choosing the right measure
The first step in implementing a quality improvement measure is to determine the right measure of quality. This requires a broad understanding of the concept of quality in healthcare. At its core, quality has three well-described domains: process, structure and outcome [14] . Outcome measures reflect the results of healthcare that are important to patients and society, process measures reflect how healthcare delivery is grounded in the best available evidence, whereas structure is the way care is organized in the best way to achieve the other domains. In theory, practitioners may choose a quality measure from any of the three domains, but in reality, all three domains are inexorably interrelated. For example, a recent large-scale quality improvement initiative to reduce the incidence of catheter-related bloodstream infections involved elements of structure (local champions, nurse empowerment to enforce regulations), process (chlorhexidine skin antiseptic, subclavian site preferred over femoral site), and outcome (incidence of bloodstream infections) [15 ] .
Ultimately, the chosen measure must be both important and improvable [16] . Process measures tend to be easier to act upon directly and offer a clear means of improvement when performance is poor. To be important, however, process measures must be strongly linked to patientcentered outcomes. Outcome measures are significantly more important to patients and families, but may not be as responsive to improvement initiatives. Several novel aspects of quality, including spiritual care, palliative care, and organizational climate are also important and may be worthy of a quality improvement initiative in the right -20 ] . The relative importance of various quality measures will also vary by ICU. Many experts thus recommend that quality improvement initiatives begin with a qualitative needs assessment and an 'environmental scan', in which the current structures, processes and outcomes of care are reviewed in the context of the entire ICU system [21] . In this scan, deficiencies may be assessed by comparing ICU performance with internal or external benchmarks, by reviewing the literature for best-practices, or by surveying front-line care givers, patients and families for ideas and opportunities. In addition, performing root cause analyses after adverse events may reveal areas for improvement [22] . Potential targets may also be identified prospectively using semiquantitative methodology such as failure mode and effects analysis [23] . This technique has been employed for decades for continuous quality improvement by other industries, and has recently been endorsed by the Joint Commission, a United States hospital accreditation organization.
Other attributes of an ideal quality indicator are validity and reliability. Validity reflects the extent to which a quality indicator measures what it is supposed to measure. For example, a valid measure of catheter-related bloodstream infections might be the combination of vital signs along with microbiological culture data. Using only physician documentation of infection as a quality measure may lack validity, as there is no way to confirm that the physician's suspicions of infection were correct. Using measures that lack validity may cause important outcomes to be missed, limiting the interpretability of the initiatives [24 ] . Reliability reflects whether a chosen measure will give the same result when assessed by different individuals (inter-rater reliability) or at different points in time (test-retest reliability). Using 'fever' as a criterion for infection lacks validity because there are differing opinions about what constitutes a fever. Explicitly defining fever as a specific body temperature, such as 38.2 degrees Celsius, may be arbitrary but is essential to defining a reliable measure.
Design and implementation
After choosing and operationalizing the measures needing improvement, the next step is to begin the process of change. Several recent publications describe in detail the design and implementation of quality improvement for the critical care clinician [25 ,26-28] . Most importantly, it is essential to assemble a multidisciplinary team of committed individuals; many of whom should include front-line healthcare practitioners. There must be strong leadership that includes both clinician opinion leaders as well as a representative from hospital administration. The lead clinicians must have the skills to embrace conflict and skepticism to be able to establish consensus successfully. The hospital administrator functions as an enabler, providing the political or economic resources necessary to overcome potential barriers to success.
The team should initially select projects that are clearly feasible to ensure success and to build confidence and momentum. Other key concepts in implementation include customizing the intervention based upon local needs, developing a functional system for data collection and reporting, and integrating several methods for changing clinician behavior. Although there are a variety of established methods to employ, including audit and feedback, reminders, education, and 'academic detailing', rarely will just one of these methods work alone [29] . With the rapid growth of the field of implementation science, there is increasing evidence available about the relative effectiveness of each of these strategies. For example, educational initiatives such as mailing information or attending continuing medical education lectures are generally weak interventions. Repetitive interactive educational sessions given by clinician opinion leaders can, however, be very effective, particularly if local performance data are available to feedback to the audience on both process and outcomes [30 ] .
A system providing real-time reminders, at the point of care to the bedside clinician, is one of the most successful strategies to change practitioner behavior. Rana and colleagues [31 ] recently reported a study using computerized physician order entry to implement a protocol for improving the use of red blood cell transfusions in the ICU. Integrating the quality improvement initiative with order entry resulted in a significant reduction in the use of inappropriate red cell transfusions. The real-time measurement of catheter-related bloodstream infections is feasible and may allow for more effective feedback of performance to providers [32] . In some cases, developing technology allows for feedback and change even as the activity is ongoing. Abella and colleagues [33] have demonstrated that a real-time audiovisual feedback system can reduce variability chest compression rates and improve the quality of cardiopulmonary resuscitation.
Avoiding potential pitfalls
Several major challenges to successful quality improvement must be addressed at all stages of development and implementation.
Emphasizing process at the expense of outcome
The question of whether to use process measures versus outcome measures is difficult [34] . Both have advantages and disadvantages, and when feasible it is best to measure both. For example, an initiative to reduce the incidence of ventilator-associated pneumonia might examine the use of the semi-recumbent position (process) and the pneumonia incidence rate (outcome). If the outcome measure fails to show improvement, information from the process measure Quality improvement in intensive care Kahn and Fuchs 711 can inform future decisions and help refine the intervention. Quality initiatives are especially prone to problems when only process measures are used, particularly when the evidence linking the process measures to patientcentered outcomes is uncertain [35] . Many recent reports have described quality improvement initiatives that successfully impacted the process measure but had no impact on the outcomes of interest [36 ,37 ] . Some quality improvement initiatives, such as implementing computerized physician order entry, have been associated with worse outcomes [38, 39] . These studies teach us that were only the process measure to be followed, quality improvement officers might not have uncovered the unintended consequences.
Emphasizing safety at the expense of efficacy
The patient safety movement has been remarkably successful at capturing the attention of hospital administrators, governmental agencies and the general public. The figures reported in the Institute of Medicine report 'To err is human', between 44 000 and 98 000 deaths attributable to preventable medical errors each year, are extremely frightening [2] . It is troublesome to think that the healthcare system may actually be ending the very lives it is designed to save. For these reasons it seems like the bulk of quality improvement initiatives in the ICU are designed to prevent medical errors. The Institute for Healthcare Improvement's 100 000 lives campaign is centered around six safety-based initiatives for hospitalized patients, and the Joint Commission has developed four process-based ICU quality measures, all of which are specific to safety [40, 41] .
Although safety is certainly important, concerns have been raised that emphasizing safety at the expense of evidencebased treatments may overlook an important opportunity to improve the quality of care [42] . Those authors noted that the very notion of deaths that are attributable to medical errors may be flawed, as many errors happen in patients who would have died even if the error had not occurred. The alternative to focusing solely on safety is returning to the notion of efficacy. Activated protein C for severe sepsis and lung protective ventilation for acute lung injury have been proved to save lives in the ICU, but few publicized quality improvement initiatives have been directed at increasing the use of these therapies. Over 190 000 cases of acute lung injury are estimated to occur in the United States each year, with an in-hospital mortality of 38.5% [43] . If a simple ventilator protocol were to be universally applied in all these patients, almost 7000 lives could be saved in the United States each year.
The trend to overlook efficacy in favor of safety is not universal. For example, recent reports described quality interventions to lower tidal volumes in acute lung injury, reduce inappropriate blood transfusions, and implement early goal-directed therapy for septic shock [44,45 ,46,47] . By not aggressively investigating ways to improve the utilization of efficacious treatments, however, ICU quality improvement officers may be missing an important opportunity to impact patient-centered outcomes.
Conclusion
Measuring and improving quality in the ICU is no longer optional. It can and should be viewed as a routine part of everyday clinical activities. The task of the clinician is to build on previous work and use published resources to ensure that quality improvement activities accomplish their desired end: meaningful improvements in survival and quality of life for patients experiencing critical illness.
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